Vascular endothelial cells (ECs) are exposed to different flow patterns (i.e., disturbed vs. laminar), and the associated oscillatory shear stress (OSS) or pulsatile shear stress (PSS) lead to differential responses. We investigated the roles of class I and II histone deacetylases (HDAC-1/2/3 and HDAC-5/7, respectively) in regulating NF-E2-related factor-2 (Nrf2) and Krüppel-like factor-2 (KLF2), two transcription factors governing many shear-responsive genes, and the cell cycle in ECs in response to OSS. Application of OSS (0.5 ± 4 dynes/cm 2 ) to cultured ECs sustainably up-regulated class I and II HDACs and their nuclear accumulation, whereas PSS (12 ± 4 dynes/cm 2 ) induced phosphorylation-dependent nuclear export of class II HDACs. En face immunohistochemical examination of rat aortic arch and experimentally stenosed abdominal aorta revealed high HDAC-2/3/5 levels in ECs in areas exposed to disturbed flow. OSS induced the association of HDAC-1/2/3 with Nrf2 and HDAC-3/ 5/7 with myocyte enhancer factor-2; deacetylation of these factors led to down-regulation of antioxidant gene NAD(P)H quinone oxidoreductase-1 (NQO1) and KLF2. HDAC-1/2/3-and HDAC-3/5/7-specific small interfering RNAs eliminated the OSS-induced downregulation of NQO1 and KLF2, respectively. OSS up-regulated cyclin A and down-regulated p21 CIP1 in ECs and induced their proliferation; these effects were mediated by HDAC-1/2/3. Intraperitoneal administration of the class I-specific HDAC inhibitor valproic acid into bromodeoxyuridine (BrdU)-infused rats inhibited the increased EC uptake of BrdU at poststenotic sites. The OSS-induced HDAC signaling and EC responses are mediated by phosphatidylinositol 3-kinase/Akt. Our findings demonstrate the important roles of different groups of HDACs in regulating the oxidative, inflammatory, and proliferative responses of ECs to disturbed flow with OSS.
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epigenetics | mechanotransduction | transcriptional regulation V ascular endothelial cells (ECs) have important homeostatic functions in response to blood flow-induced shear stresses. EC dysfunction is a critical step leading to vascular pathologies, including atherosclerosis, which develops preferentially in arterial branches and curvatures where local flow is disturbed with low and oscillatory shear stress (OSS) (1) . Recent evidence indicates that disturbed flow with OSS induces sustained activation of atherogenic genes in ECs to promote their oxidation, inflammation, and proliferation. In contrast, the straight part of the artery, which is exposed to sustained laminar blood flow with pulsatile shear stress (PSS), is generally spared from atherosclerotic lesions, with the associated down-regulation of atherogenic genes and up-regulation of antioxidant, anti-inflammatory, and growth-arrest genes in ECs (1) (2) (3) (4) (5) . Although there have been numerous studies of the mechanisms involved in modulating EC responses to different flow patterns and shear stresses, there is a lack of information on the role of epigenetic factors in modulating EC gene expression and function in response to these mechanical factors (6).
Histone deacetylases (HDACs), enzymes that remove acetyl groups from ε-N-acetyl lysine amino acids on histones to suppress gene expression in most cases, are important epigenetic factors that also regulate the activation of nonhistone proteins (6, 7) . HDACs are classified into four main groups: class I (HDAC-1/2/3 and HDAC-8), class II (HDAC-4/5/6/7 and HDAC-9/10), class III sirtuins (SIRT; i.e., SIRT1-7), and class IV (HDAC-11). Class I and II are considered "classical" HDACs. Exposure of ECs to OSS created by an orbital shaker induces serine/threonine phosphorylation of HDAC-3 to modulate endothelial integrity (8) . Laminar shear stress (LSS) at 24 dynes/cm 2 induces phosphorylation-dependent nuclear export of HDAC-5 and expression of Krüppel-like factor 2 (KLF2) (9) , an important transcription factor that has anti-inflammatory and atheroprotective activity (10) . Recent studies indicate that KLF2 and NF-E2-related factor 2 (Nrf2), a transcription factor that can bind to the antioxidant response element (ARE) in the promoter region of many antioxidant genes, including NAD(P)H quinone oxidoreductase-1 (NQO1), to induce their expression (11, 12) , govern ∼70% of the shear stress-elicited gene sets in ECs (13) . Whether different flow patterns and shear stresses play different roles in modulating the expression and activation of HDACs in ECs to regulate their gene expression and function remains unclear.
In the present study, we investigated the different roles of OSS and PSS in modulating the expression and activation of HDACs in ECs and the consequent modulation in EC gene expression and function. We found that OSS induces the expression of both class I (HDAC-1/2/3) and class II (HDAC-5/7) HDACs and their nuclear accumulation in ECs. In contrast, PSS induced phosphorylation-dependent nuclear export of class II HDACs. These in vitro results were confirmed by en face and immunohistochemical studies of aortic arch and experimentally stenosed abdominal aorta in rats. OSS induced the association of HDAC-1/ 2/3 with Nrf2 and the association of HDAC-3/5/7 with myocyte enhancer factor-2 (MEF2), leading to down-regulation of NQO1 and KLF2 in ECs. Moreover, our in vitro and in vivo studies showed that HDAC-1/2/3 are involved in OSS-induced EC cell cycle progression and proliferation. Our findings have elucidated the roles of different classes of HDACs in modulating EC responses to different flow patterns and shear stresses, and implicate HDAC-3 as a common epigenetic factor that may concurrently modulate endothelial oxidative, inflammatory, and proliferative responses to disturbed flow with OSS. (Fig. 1A) . In contrast, PSS induced sustained (24 h) increases in phosphorylation of HDAC-5/7, but not of HDAC-1/2/3, in ECs. In addition, OSS induced sustained increases in the expression of all HDAC proteins evaluated, whereas PSS can induce only transient increases in expression of these HDAC proteins. Cellular fractionation assays, involving separation of the cytoplasm and nuclear fractions of cell lysates derived from sheared ECs, demonstrated that OSS induced sustained increases in the protein levels of all examined HDACs in EC nuclei and HDAC-2/3 in EC cytoplasm (Fig. 1B) . In contrast, PSS induced a sustained decrease in HDAC-5/7 protein levels in the EC nuclei and a sustained increase in the EC cytoplasm, as well as a transient increase in HDAC-3 expression in the cytoplasm. These results indicate that OSS and PSS play different roles in modulating class I and II HDAC expression and activation, with OSS causing sustained accumulation of all of these HDACs in EC nuclei and PSS causing a sustained translocation of class II HDACs from the nuclei to the cytoplasm.
Induction of HDAC-2/3/5 in Areas of Disturbed Flow in Vivo. To investigate whether the flow pattern-specific regulation of HDACs found in cultured ECs in vitro also exists in the native circulation in vivo, we examined the aortic arch and the straight segment of thoracic aorta of normal rats ( Fig. 2A) by en face coimmunostaining for HDAC-2/3/5 and von Willebrand factor (vWF), with DAPI nuclear counterstaining. High levels of HDAC-2 ( Fig. 2B ), -3 ( Fig. 2C) , and -5 ( Fig. 2D) were present in ECs in the inner curvature of the aortic arch, where disturbed flow is more likely to occur with relatively low shear stress (1), but not in the outer curvature and the straight segment of thoracic aorta, where the shear stress is high and more laminar (1). The increased HDAC-2/3 expression in the inner curvature of aortic arch was localized in both EC nuclei and EC cytoplasm, whereas the distribution of HDAC-5 was localized mainly in EC nuclei. To further assess the effect of a change from laminar to disturbed flow pattern on these HDAC expressions in vivo, we used a stenosis model in which the rat abdominal aorta was subjected to partial constriction using a U-clip, which produced a 65% constriction in diameter ( The inner and outer curvatures of the aortic arch and the straight segment of thoracic aorta (A) of normal rats (n = 5) were examined by en face coimmunostaining for HDAC-2 (B), -3 (C), and -5 (D) and vWF using the respective primary andibody, followed by the incubation with fluorescent secondary antibodies, as described in Materials and Methods. Cell nuclei were counterstained with DAPI. Samples were examined and photographed with a Leica TCS SP5 confocal laser scanning microscope with a 60× objective (HCX PLAPO; NA = 1.25, oil immersion). Results are representative of five independent experiments with similar results.
interfering RNAs (siRNAs) of HDAC-1/2/3, but not of HDAC-5/7, induced their NQO1 expression under OSS (Fig. 3B) , indicating that knockdown of HDAC-1/2/3, but not of HDAC-5/7, can lead to the inducibility of EC NQO1 in response to OSS. Chromatin immunoprecipitation (ChIP) assays using an antibody against Nrf2 and the NQO1 ARE-specific primers demonstrated that exposure of ECs to PSS, but not to OSS, for 24 h induced the in vivo Nrf2 binding to the NQO1 ARE in ECs (Fig. 3C) . The OSS was able to induce in vivo Nrf2-ARE binding activity after transfection of ECs with HDAC-1/2/3-specific siRNAs, but not with HDAC-5/7-specific siRNAs (Fig. 3D) . Coimmunoprecipitation assays using an antibody against Nrf2, followed by Western blot analysis with antibodies against different HDACs, demonstrated that OSS, but not PSS, induced sustained increases in the association of Nrf2 with HDAC-1/2/3, but not with HDAC-5/7, in ECs (Fig. 3E ). This OSS-induced HDAC-Nrf2 association resulted in deacetylation of Nrf2, whereas PSS induced sustained increases in the levels of acetylated Nrf2 in ECs (Fig. 3F) . These results indicate that OSS induces a sustained association of Nrf2 with class I HDACs, which can deacetylase Nrf2 to inhibit its in vivo binding to the NQO1 ARE and thus NQO1 expression in ECs.
OSS Induces Association of MEF2 with HDAC-3/5/7 and Its Deacetylation to Down-Regulate KLF2, with the Consequential Up-Regulation of Vascular Cell Adhesion Molecule-1 in ECs. KLF-2 has been shown to negatively regulate EC vascular cell adhesion molecule-1 (VCAM-1) expression to exert anti-inflammatory and atheroprotective effects (10) . We investigated whether HDACs can modulate KLF2 and VCAM-1 expression in ECs in response to OSS. OSS induced a sustained (24 h) decrease in KLF2 expression and an increase in VCAM-1 expression in ECs, whereas PSS induced opposite changes in these EC gene expressions (Fig.  4A ). Transfecting ECs with HDAC-3/5/7-specific siRNAs, but not with HDAC-1/2-specific siRNAs, resulted in inhibitions of the OSS-mediated down-regulation of KLF2 and up-regulation of VCAM-1 (Fig. 4B) . Application of OSS to ECs for 1 h or 4 h induced an association of HDAC-3/5/7, but not of HDAC-1/2, with MEF2, a transcription factor that has been shown to bind to the promoter of KLF2 to repress its gene expression (14) in these ECs (Fig. 4C) . In contrast, application of PSS to ECs for 4 h resulted in a diminished HDAC-5/7-MEF2 association in these ECs compared with static control cells. Moreover, OSS induced a transient (4 h) decrease, and PSS induced a transient increase, in the level of acetylated MEF2 in ECs (Fig. 4D) . These results indicate that OSS and PSS play different roles in regulating the association of HDAC-3/5/7 with MEF2 and its deacetylation, with the consequent modulation in KLF2 expression in ECs.
OSS-Induced Changes in Cell Cycle Regulatory Protein Expression in
ECs and Their Proliferation Are Mediated by HDAC-1/2/3. We next investigated the roles of HDACs in modulating cell cycle regulatory protein expression in ECs and their proliferation in response to OSS. Exposure of ECs to OSS for 12 h or 24 h induced up-regulation of cyclin A and down-regulation of p21
CIP1
, and had no effect on cyclin D1 and Cdk-2 and -4 expression compared with static control cells (Fig. 5A) . In contrast, application of PSS to ECs for 12 h or 24 h resulted in down-regulations of cyclins D1 and A and up-regulation of p21
, and had no effect on Cdk-2 and -4 expression in ECs. An incorporation assay of bromodeoxyuridine (BrdU), an analogue of the DNA precursor thymidine that can be incorporated into the DNA of proliferating cells during their synthetic phase, demonstrated that 24 h-shearing of ECs with OSS increases the percentage of BrdU-positive ECs compared with the static cells (Table S1 ). Transfecting ECs D) . In some experiments, the cell lysates were immunoprecipitated with an antibody against Nrf2 (E) or acetylated lysine (F), followed by immunoblotting with antibodies against different HDACs and Nrf2. Data in A and E are mean ± SEM from three independent experiments and are presented as percent changes in band density from control cells normalized to internal protein levels. *P < 0.05 vs. static control cells. Results in B, C, D, and F are representative of three experiments with similar results. with HDAC-1/2/3-specific siRNAs, but not HDAC-5/7-specific siRNAs, inhibited the OSS-induced up-regulation of cyclin A and down-regulation of p21 CIP1 (Fig. 5B) , as well as BrdU uptake (Table S1 ), in ECs.
To further explore the role of class I HDACs in EC proliferation in response to OSS in vivo, the class I-specific HDAC inhibitor valproic acid (VPA) was injected i.p. into the rats for 2 wk (n = 5), followed by i.v. injection of BrdU 24 h before sacrifice. Control rats were injected with saline (n = 5). En face staining of the affected aortas in rats receiving saline injection with anti-BrdU antibody revealed that ∼50% of ECs displayed BrdU uptake at poststenotic sites (Fig. 5C ). In contrast, virtually no BrdU uptake was detected in ECs in the area upstream of the constriction. This increased BrdU uptake in ECs at poststenotic sites was inhibited by VPA injection, confirming the inhibitory role of class I HDACs in OSS-induced EC proliferation in vivo. To investigate whether phosphatidylinositol 3-kinase (PI3K)/Akt is involved in OSS regulation of the examined HDACs in ECs, ECs were pretreated with specific PI3K inhibitor LY294002 (10 μM) or vehicle control for 1 h, then kept under static condition or subjected to OSS for 1 h. The OSS-induced expression of HDAC-1/2/3/7 and phosphorylation of HDAC-1/2/3 were inhibited by pretreatment of ECs with LY294002 (Fig. S2A) . LY294002 pretreatment did not inhibit OSS-induced HDAC-5 expression, however. Coimmunoprecipitation assays demonstrated that LY294002 pretreatment inhibited the OSS-induced association of HDAC-1/2/3 with Nrf2 and its deacetylation in ECs (Fig. S2B) . This LY294002-inhibition of an OSS-induced HDAC-Nrf2 association and Nrf2 deacetylation led to the inducibility of NQO1 in ECs in response to OSS (Fig. S2D) . As expected, the OSS-induced association of HDAC-3/5/7 with MEF2 and its deacetylation also was inhibited by pretreating ECs with LY294002 (Fig. S2C) , which led to the OSS induction of KLF2 and inhibition of VCAM-1 expression in ECs (Fig. S2D) . Moreover, pretreatment of ECs with LY294002 inhibited the OSS-induced increases in the percentage of BrdU-positive ECs compared with the vehicle control-treated cells (Table S1 ). These results indicate that PI3K/Akt regulates HDAC expression and activation and thus NQO1 and KLF2 expression in ECs and their proliferation in response to OSS.
Discussion
Our present study has identified the mechanisms by which HDACs serve as important mechanosensitive molecules to modulate vascular endothelial oxidative, inflammatory, and proliferative responses to disturbed flow with OSS (summarized in Fig.  6 ). Several lines of evidence support this conclusion. First, OSS induces sustained expression and nuclear accumulation of class I HDAC-1/2/3 and class II HDAC-5/7 in ECs, whereas PSS induces phosphorylation-dependent nuclear export of HDAC-5/ 7 in ECs. The OSS induction of EC HDAC-2/3/5 in vitro was confirmed by en face and immunohistochemical studies on rat aortic arch and experimentally stenosed abdominal aorta in vivo. Second, OSS induces sustained associations of HDAC-1/2/3 with Nrf2, which deacetylate Nrf2 and inhibit its binding to the NQO1 ARE and thus NQO1 expression in ECs. Third, OSS and PSS play different roles in modulating EC KLF2 expression through their differential regulation in HDAC-3/5/7-MEF2 associations and MEF2 deacetylation. These responses are accompanied by the corresponding regulation of VCAM-1. Fourth, HDAC-1/2/3 regulate OSS-induced EC proliferation in vitro and in vivo. Finally, the OSS-induced HDAC signaling and consequent EC responses are mediated by PI3K/Akt. Thus, our findings provide mechanistic insight into the roles of different classes of HDACs in modulating EC signaling, gene expression, and function in response to different flow patterns and shear stresses.
HDACs are enzymes that remove Lys acetylation of histone and nonhistone proteins to regulate a variety of biological processes (6, 7). Mounting evidence indicates that HDACs are involved in the control of EC gene expression and function (6, 7) ; however, their role in modulating EC responses to different flow patterns and shear stresses remains poorly understood. LSS at 24 dynes/cm 2 was shown to induce phosphorylation-dependent nuclear export of HDAC5 and its dissociation from MEF2, leading to inductions of KLF2 and endothelial nitric oxide (NO) synthase (eNOS) (9) . OSS induces HDAC-3 phosphorylation in ECs to modulate their survival and integrity (8) . Our present results indicated that different flow patterns and shear stresses play different roles in modulating EC HDAC signaling, with increased expression and nuclear accumulation of all examined HDACs in ECs in response to OSS. This OSS induction of EC HDACs was confirmed by our in vivo findings of high expression of HDAC-2/3/5 in ECs in the disturbed flow-prone areas, such as the inner curvature of the aortic arch and the poststenotic sites compared with the outer curvature and the straight part of the thoracic aorta, as well as the area upstream of the constriction, where laminar flow with high shear stress occurs. Thus, our findings suggest that OSS can increase the levels of HDACs and their interaction with transcription factors in EC nuclei to suppress transcriptional activity and downstream gene expression, whereas PSS can induce phosphorylation-dependent nuclear export of class II HDACs to decrease their interaction with transcription factors and thus increase their transcriptional activity and downstream gene expression in EC nuclei.
Previous studies have demonstrated that both OSS and LSS can induce nuclear accumulation of Nrf2 in ECs, but only LSS can enhance Nrf2 binding to the NQO1 ARE in EC nuclei (15) . This finding suggests the presence of certain mediator(s) that could be induced by OSS to prevent Nrf2 binding to the NQO1 ARE. Our present findings provide several lines of evidence to demonstrate that these mediators may be class I HDACs. First, OSS cannot induce the in vivo Nrf2 binding to the NQO1 ARE and NQO1 expression in ECs. Second, OSS induces nuclear accumulation of HDAC-1/2/3 in ECs. Third, knockdown of HDAC-1/2/3 leads to the induction of Nrf2-ARE binding activity and thus NQO1 expression in ECs in response to OSS. Fourth, only OSS, and not PSS, can induce the association of HDAC-1/2/ 3 with Nrf2 to cause its deacetylation. Thus, OSS may possibly induce the formation of class I HDAC-Nrf2 heterocomplexes in EC nuclei to deacetylate Nrf2, thereby leading to decreases in Nrf2 ARE-binding activity and NQO1 expression in ECs. This notion is supported by the results of Sun et al. (16) , who reported that acetylation of Nrf2 augments its DNA-binding activity during the antioxidant response. Our findings indicate that class I HDACs may modulate OSS-mediated repression of the Nrf2-dependent antioxidant response in ECs through their association with and deacetylation of Nrf2.
An additional transcription factor that is critical for the modulation of shear-responsive genes in ECs is KLF2, which has atheroprotective and anti-inflammatory effects (10, 13) . Inhibition of VCAM-1 and leukocyte adhesion by induction of KLF2 in ECs has been reported (10) . KLF2 has been shown to be up-regulated in ECs by prolonged LSS in vitro and highly expressed in ECs of atherosclerosis-resistant regions of human aortas in vivo (17) . A recent study by Wang et al. (9) demonstrated that LSS can stimulate phosphorylation-dependent nuclear export of HDAC5 to induce KLF2 expression through the dissociation of HDAC-5 from MEF2. Our findings demonstrate that, along with HDAC-5, exposure of ECs to PSS can also stimulate the phosphorylation and nuclear export of HDAC-7 and its dissociation from and acetylation of MEF2 in these ECs. In contrast to PSS, OSS induces the expression and accumulation of HDAC-3/5/7 in EC nuclei and their association with and deacetylation of MEF2, leading to inhibited KLF2 expression. This HDAC-mediated down-regulation of KLF2 in OSS-stimulated ECs is accompanied by the up-regulation of VCAM-1. Thus, OSS and PSS play opposing roles in modulating KLF2 expression and inflammatory responses in ECs by differentially modulating the levels of HDACs and their association with MEF2 in EC nuclei.
Recent evidence suggests that class I HDACs may play important roles in modulating cellular survival (18) . Genetic deletion of HDAC-1 in mice is embryonic lethal, and HDAC-2 knockout causes perinatal lethality due to cardiac defects (19, 20) . Lentivirus-mediated HDAC-3 silencing results in mice lethality due to disruption of basement and rupture of blood vessels (8) . In concert with these previous findings, our present findings demonstrate that HDAC-1/2/3 play important roles in modulating cell cycle progression and proliferation in ECs in response to OSS through their regulation of cyclin A and p21 CIP1 . Knockdown of HDAC-1/2/3 in ECs resulted in inhibited BrdU uptake in response to OSS. This inhibitory role of class I HDACs in OSS-induced EC proliferation was confirmed by i.p. injection with the class I-specific HDAC inhibitor VPA into BrdU-infused rats, which demonstrated decreased BrdU uptake in ECs at poststenotic sites. Our findings suggest that class I HDACs may serve as important molecular targets for therapeutic interventions against EC proliferation-associated vascular disorders.
Several molecular signals have been found to modulate HDAC activity in ECs in response to shear stress. LSS at 10 dynes/cm 2 induces NO-mediated nuclear shuttling of EC HDAC-4/5, which requires the association of protein phosphatase 2A with the phosphorylated calcium-calmodulin-dependent kinase-IV/HDAC complex (21) . LSS at 24 dynes/cm 2 also stimulates HDAC-5 phosphorylation through a calcium-calmodulindependent pathway and induces HDAC-5 nuclear export by creating binding sites for the 14-3-3 chaperon protein (9). Chen et al. (22) demonstrated that LSS at 12 dynes/cm 2 strengthens the association of SIRT1 with eNOS to enhance NO production in ECs, which requires AMP-activated protein kinase phosphorylation of eNOS. Moreover, Zeng et al. (23) demonstrated that LSS at 12 dynes/cm 2 modulates the differentiation of embryonic stem cellderived progenitor cells into ECs through the PI3K-Akt-HDAC3-p53 pathway. Zampetaki et al. (8) recently demonstrated that Akt can associate with HDAC-3 to regulate EC survival in response to disturbed flow with OSS. These results suggest that ECs may use the same signaling pathway (e.g., PI3K/Akt) for responses to different shear stresses. In concert with the study of Zampetaki et al. (8) , our present findings demonstrate that PI3K/Akt can regulate the signaling of all examined HDACs and their consequent modulation of gene expression and function in ECs in response to OSS. Although pretreating ECs with the specific PI3K inhibitor LY294002 cannot inhibit OSS-induced HDAC-5 expression, it does inhibit OSS-induced association of HDAC-5 with MEF2 and its deacetylation, with a consequent increase in the expression of KLF2 in ECs. The precise mechanisms by which PI3K/Akt modulates HDAC signaling in ECs and the consequent modulations of EC responses to OSS warrant further investigation.
In summary, the present study demonstrates that different flow patterns and shear stresses play different roles in modulating the expression and activation of class I and II HDACs in ECs, with increased expression and accumulation of these HDACs in EC nuclei in response to OSS. HDAC-3 may serve as a common epigenetic factor to modulate signaling and gene expression involved in EC oxidation, inflammation, and proliferation in response to OSS, and thus may be a promising molecular target for therapeutic intervention against vascular disorders associated with EC dysfunction, such as atherosclerosis.
Materials and Methods
Cell Cultures. Human umbilical vein ECs were isolated from fresh human umbilical cords using the collagenase perfusion technique. Cell pellets were resuspended in a culture medium consisting of Medium 199 supplemented with 20% (vol/vol) FBS and 1% (vol/vol) penicillin/streptomycin (all from Gibco). Details of the procedure are provided in SI Materials and Methods.
